Atom chips provide a versatile quantum laboratory for experiments with ultracold atomic gases 1 . They have been used in diverse experiments involving low-dimensional quantum gases 2 , cavity quantum electrodynamics 3 , atom-surface interactions 4,5 , and chip-based atomic clocks 6 and interferometers 7, 8 . However, a severe limitation of atom chips is that techniques to control atomic interactions and to generate entanglement have not been experimentally available so far. Such techniques enable chip-based studies of entangled many-body systems and are a key prerequisite for atom chip applications in quantum simulations 9 , quantum information processing 10 and quantum metrology 11 . Here we report the experimental generation of multi-particle entanglement on an atom chip by controlling elastic collisional interactions with a state-dependent potential 12 . We use this technique to generate spin-squeezed states of a two-component Bose-Einstein condensate 13 ; such states are a useful resource for quantum metrology. The observed reduction in spin noise of 23.7 6 0.4 dB, combined with the spin coherence, implies four-partite entanglement between the condensate atoms 14 ; this could be used to improve an interferometric measurement by 22.5 6 0.6 dB over the standard quantum limit 15 . Our data show good agreement with a dynamical multi-mode simulation 16 and allow us to reconstruct the Wigner function 17 of the spin-squeezed condensate. The techniques reported here could be directly applied to chip-based atomic clocks, currently under development 18 .
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In the emerging field of quantum metrology 11 , multi-particle entangled states-such as spin-squeezed states [19] [20] [21] -are investigated as a means to improve measurement precision beyond the 'standard quantum limit' 15 . This limit arises from the quantum noise inherent in measurements on a finite number of uncorrelated particles, and limits today's best atomic clocks 22 . Atom chips combine exquisite coherent control with a compact and robust set-up 23 , suggesting their use for quantum metrology with portable atomic clocks and interferometers. Several techniques to create entangled states on atom chips have been proposed 16, [24] [25] [26] [27] , but none has been experimentally realized so far.
The 'one-axis twisting' scheme 28 in principle allows the creation of a huge amount of entanglement in a two-component Bose-Einstein condensate (BEC) 13, 16, 29 . In this scheme, an initially separable (nonentangled) state, where each atom is in a superposition of two internal states j0ae and j1ae, dynamically evolves into a spin-squeezed state in which the condensate atoms are entangled. This is due to atomic interactions that provide a nonlinear term in the Hamiltonian for the BEC internal state. In the experiments reported here, we realize this scheme on an atom chip. A notable feature is that we control the interactions through the wavefunction overlap of the two states 16, 30 in a state-dependent microwave potential 12 . This is a new and versatile technique for tuning of interactions in a BEC that also works in magnetic traps and for atomic state pairs where no convenient Feshbach resonances exist. We use such a pair, the hyperfine states j0ae ; jF 5 1, m F 5 21ae and j1ae ; jF 5 2, m F 5 1ae of 87 Rb, which is also used in chip-based atomic clocks with magnetically trapped atoms 6, 18 .
A two-mode model 16 provides a starting point to understand how squeezing is created in our experiment. The internal state of a BEC of N two-level atoms can be described by a collective spin S~P N i~1 s i , the sum of the individual spins 1/2 of each atom ( Fig. 1a ). Its component S z 5 (N 1 2 N 0 )/2 is half the atom number difference between the states and thus directly measurable. A p/2-pulse applied to a BEC in j0ae flN prepares it in a coherent spin state (j0ae 1 j1ae) flN /2 N/2 with mean spin AES x ae 5 N/2 and AES y ae 5 AES z ae 5 0. This is a product state in which the atoms are uncorrelated and the quantum noise is evenly distributed among the spin components orthogonal to the mean spin, DS 2 y~D S 2 z~N =4, satisfying the Heisenberg uncertainty relation DS y DS z 5 jAES x aej/2. This noise gives rise to the standard quantum limit if the state is used in a Ramsey interferometer, such as an atomic clock 22 .
Quantum correlations between the atoms can reduce the variance of one spin quadrature in the y-z plane at the cost of increasing the variance of the orthogonal one, resulting in a spin-squeezed state 28 . To quantify its usefulness for metrology, one introduces the squeezing parameter 15 
h,min is the minimal variance of the spin in the y-z plane (Fig. 1a ). The normalization by AES x ae 2 takes into account that improving interferometric sensitivity requires not only reducing noise but also maintaining high interferometer contrast, C 5 2jAES x aej/N. A state with j 2 , 1 allows the standard quantum limit in a Ramsey interferometer to be overcome by a factor j with respect to the use of an uncorrelated ensemble of atoms 15 . Furthermore, j 2 is an entanglement witness, with j 2 , 1 indicating at least bipartite entanglement between the condensate atoms 13 .
We produce spin-squeezed states by means of time evolution through the 'one-axis twisting' Hamiltonian 28 :
which describes our BEC in good approximation 16 . The first term in equation (1) describes spin precession around z at the detuning d. The second term describes spin rotations around an axis S Q 5 (cosQ)S x 2 (sinQ)S y due to a coupling of j0ae and j1ae with Rabi frequency V and phase Q. The third, nonlinear term of strength x arises owing to elastic collisional interactions in the BEC. It 'twists' the state on the Bloch sphere ( Fig. 1a ), resulting in spin squeezing and entanglement.
An essential feature of our experiment is the control of this nonlinearity. It should be active during a well chosen best squeezing time to avoid 'oversqueezing', which would result in a decrease of AES x ae that would make j 2 finally increase again (oversqueezing is in other contexts referred to as quantum phase diffusion). Its coefficient
depends on derivatives of the chemical potentials
of the two BEC components evaluated at the mean atom numbers AEN 0 ae 5 AEN 1 ae 5 N/2 after the p/2-pulse. Here, h j is the single-particle Hamiltonian including kinetic energy and the trapping potential, and w j (r) is the spatial mode function of state jjae. The interaction strength g jk 5 4p" 2 a jk /m between atoms in jjae and jkae depends on the corresponding s-wave scattering length, a jk . For our states, the three scattering lengths are close, a 00 :a 01 :a 11 5 100.4a 0 :97.7a 0 :95.0a 0 , where a 0 is the Bohr radius. If the two BEC modes overlap spatially, w 1 5 w 0 , the crossed terms in equation (2) with the minus sign compensate the direct terms with the plus sign. Thus, by default, x < 0. In order to increase x, we control the overlap of w 0 and w 1 with a state-dependent trapping potential. By spatially separating the two modes, the crossed terms L N1 m 0 and L N0 m 1 are set to zero and thus x .0. In Fig. 1b, x is shown as a function of the normalized density overlap l~Ð
, calculated from stationary mode functions in traps of increasing separation for our experimental parameters (see below).
Our experimental set-up is described in detail elsewhere 12 (see also Supplementary Information). In short, we use an atom chip to prepare pure BECs of N 5 1,250 6 45 atoms in state j0ae in a harmonic magnetic trap with longitudinal (axial) trap frequency f long 5 109 Hz (f ax 5 500 Hz). We couple j0ae and j1ae with V/2p 5 2.1 kHz using microwave1radio-frequency radiation. The trap minima for j0ae and j1ae can be shifted with respect to each other along the longitudinal direction using a chip-based state-dependent microwave potential. For detection, we use state-selective absorption imaging with a carefully calibrated imaging system (Supplementary Information). It allows us to detect both N 0 and N 1 with good accuracy in a single experimental run. x depends on the difference of intra-and inter-state atomic interactions. Its dependence on the normalized density overlap l of the two BEC components is shown, calculated from stationary mode functions in potentials of increasing separation. Insets, pictorial representation of the situation with little overlap (l = 1, left ) and large overlap (l < 1, right). c, Experimental sequence and motion of the two BEC components corresponding to a. In between the pulses for internal-state manipulation (green), a state-dependent microwave potential is turned on (blue; pulse durations and microwave ramp times exaggerated for clarity). It dynamically splits and recombines the two BEC components, so that x . 0 during the time T. The simulated centre-of-mass motion of the two states | 0ae (black) and | 1ae (red) is shown as a function of time. A slightly asymmetric splitting of the potentials results in an asymmetric oscillation. Insets, corresponding BEC mode functions w 0 and w 1 along the splitting direction at the beginning (left), in the middle (centre) and at the end (right) of the sequence. d, Measured Ramsey fringes in the normalized population difference N rel (here, h 5 p/2). Between the pulses, d is non-zero (Supplementary Information), resulting in spin precession. The splitting and recombination of the BEC modulates the fringe contrast. Here, T is scanned beyond the duration of the sequence in a and c, so that up to ,2.5 oscillations are induced. The simulated contrast C (red) and density overlap l (blue) are shown for comparison.
Our experimental sequence for squeezing ( Fig. 1a and c) starts with a resonant p/2-pulse of duration 120 ms to prepare the coherent spin state. During the pulse, V ? xN so that the nonlinearity can be neglected. After the pulse, we squeeze the state by turning on x for a well-defined time by spatially splitting and recombining the two components of the BEC in the following way (Fig. 1c) . The microwave potential is turned on within 50 ms, resulting in an abrupt separation of the trap minima for j0ae and j1ae by s 5 0.52 mm. The two components of the BEC start to perform one oscillation in their respective potentials. During the oscillation, which is strongly influenced by mean-field effects, the mode functions w 0 and w 1 almost completely separate. After a time T 5 12.7 ms the states overlap again, the microwave potential is switched off within 50 ms, and the squeezing dynamics, as well as the relative atomic motion, stops. This value of T nearly coincides with the 'best squeezing time' expected from the two-mode model with losses 16 . The effective two mode nonlinear parameter is x 5 0.49 s 21 .
We analyse the produced state by performing state tomography. With the mean spin along x, we measure the transverse spin components S h 5 (cosh)S z 2 (sinh)S y along any angle h by rotating the state vector in the y-z plane by that angle before detection of S z 5 (N 1 2 N 0 )/2. This is done by applying a second pulse for a duration t h 5 h/V and with a phase Q 5 p (Q 5 0) for turning clockwise (anti-clockwise). Figure 2a shows the noise in S h obtained from a large number of such measurements as a function of h. Data for a squeezed state are shown in comparison with data for a coherent spin state where the traps were not separated during the sequence (reference measurement). We plot the normalized variance D n S 2 h~4 DS 2 h N h i, so that D n S 2 h~0 dB corresponds to the standard quantum limit. In the squeezed state, the spin noise D n S 2 h falls significantly below the standard quantum limit, reaching a minimum of D n S 2 h~{ 3:7+0:4 dB at h min 5 6u. The corresponding interference contrast is C 5 (88 6 3)%. This results in a squeezing parameter of j 2 5 22.5 6 0.6 dB, proving that the state is a useful resource for quantum metrology and that the condensate atoms are entangled. The reference measurement, by contrast, stays above the standard quantum limit for all values of h.
Entanglement in the BEC has been defined as the non-separability of the N-particle density matrix 13, 14 . An intriguing question concerns the depth of entanglement: how large must the clusters of entangled atoms be at least in order to produce the observed squeezing? In ref. 14, a procedure to determine the depth of entanglement from the measured spin noise reduction and mean spin length is described. Our data imply that the condensate atoms are entangled in clusters of at least 4 6 1 particles (Supplementary Information).
During the splitting, internal and motional states of the atoms are entangled. This can lead to a decrease of C and thus an increase of j 2 if the recombination is not perfect. To find the time of maximum contrast, we perform a Ramsey measurement where the second pulse area is h 5 p/2 and T is scanned. Figure 1d shows the resulting Ramsey fringes in the normalized population difference N rel 5 (N 1 2 N 0 )/N as a function of T. We observe a high contrast of C 5 (88 6 3)% at T 5 12.7 ms, indicating large spatial overlap and nearly vanishing relative motion of the two states. In the squeezing sequence, we turn off the microwave potential at this time, preserving the large overlap for subsequent measurements. The contrast could be further increased using optimal control techniques 25 . In comparison with the data, we show C and l as obtained from a simulation for our experimental parameters. For an accurate description of our system, accounting for both the spatial and the spin dynamics, we use the dynamical multimode theory developed in ref. 16 . It neglects initial thermal excitations and reduces to the simple two-mode model described above for the case of stationary condensates. The only adjustable parameter in the simulation is the splitting distance s, which is not resolved by our imaging system. The resulting value s 5 0.52 mm is consistent with a simulation of the potential. We observe very good agreement with the measurement, indicating that the simulation correctly accounts for the motion of the BEC in the trap. In Fig. 1c , the simulated dynamics of the mode functions w i are shown.
The spin noise reduction obtained from this simulation is shown in Fig. 2a along with the data. We add the effect of particle loss (1,2,3-body) as determined from the two-mode Hamiltonian (equation (1)) in a Master Equation approach 16, 29 , as well as several technical noise sources. The blue line shows the expected squeezing taking into account atom loss but no technical noise. The maximal reduction in variance is 212.8 dB, significantly larger than observed. The red line, which describes our data well, additionally includes the fluctuations of N, fluctuations of the pulse power of 0.5% r.m.s., a fluctuating detuning of 2p 3 40 Hz r.m.s. during the pulses, and phase noise of DQ 5 8u r.m.s. All fluctuations are consistent with independent measurements. The fluctuating detuning is due to fluctuating microwave level shifts during the pulses induced by fluctuations of the microwave power in the twophoton drive. It is the cause for D n S 2 h w0 dB at h 5 180u. The phase noise is the main reason why the maximum achieved squeezing is smaller than the theoretically predicted value. A likely explanation is fluctuations of the magnetic trap position in the inhomogeneous microwave nearfield, caused by a fluctuating current or by mechanical vibrations (Supplementary Information). Consequently, the phase noise in the reference sequence is smaller (DQ 5 3u, black line in Fig. 2a ).
The measured histograms of S h for different angles h are tomographic data that allow us to reconstruct the Wigner function W(S y , S z ) of the For this graph, we remove photon shot noise due to the imaging process as described in the Supplementary Information. In the squeezed state, a spinnoise reduction of 23.7 6 0.4 dB is observed for h min 5 6u, corresponding to j 2 5 22.5 6 0.6 dB of metrologically useful squeezing for our Ramsey contrast of C 5 (88 6 3)%. Solid lines are results from our dynamical simulation: blue, squeezed state with losses but without technical noise; red, squeezed state with losses and technical noise; black, reference measurement with losses and technical noise. Inset, zoom in for small angles. b, Wigner function of the spin-squeezed BEC reconstructed from our measurements. The black contour line indicates where the Wigner function has fallen to 1=
ffiffi ffi e p of its maximum. Squeezed and 'anti-squeezed' quadratures are clearly visible. For comparison, the circular 1=
ffiffi ffi e p contour of an ideal coherent spin state is shown. The area of the contour line is larger than the area of the circle, indicating that the squeezed state is no longer a minimum uncertainty state.
squeezed BEC 17 using the inverse Radon transform (Supplementary Information). Figure 2b shows the reconstruction. The two contour lines indicate where the Wigner functions of our squeezed state and of an ideal coherent spin state (with the same N and with added imaging noise) have fallen to 1= ffiffi e p of their maximum. The squeezing along the direction h min as well as the 'anti-squeezing' in the perpendicular direction can be clearly seen.
In conclusion, using a novel method to control interactions with a state-dependent potential, we have demonstrated spin squeezing and multi-particle entanglement on an atom chip. We envisage the implementation of this technique in portable atomic clocks and interferometers operating beyond the standard quantum limit. Furthermore, it is a valuable tool for experiments in many-body quantum physics and could enable quantum information processing on atom chips 25 . We note that the group of M. Oberthaler has independently and simultaneously realized spin squeezing through Feshbach control of interactions in an optical trap 31 .
